The reaction mechanism for nitrous oxide (N 2 O) direct decomposition into molecular nitrogen and oxygen was studied on binuclear iron sites in Fe-ZSM-5 zeolite using the density functional theory (DFT + complex for the N 2 O decomposition. The first step of the catalytic reaction corresponds to a spontaneous adsorption of N 2 O over Fe II sites, followed by the surface atomic oxygen loading and the release of molecular nitrogen. The formation of molecular O 2 occurs through the migration of the atomic oxygen from one iron site to another one followed by the recombination of two oxygen atoms and the desorption of molecular oxygen. The computed reactivity over the binuclear iron core complex [Fe
The reaction mechanism for nitrous oxide (N 2 O) direct decomposition into molecular nitrogen and oxygen was studied on binuclear iron sites in Fe-ZSM-5 zeolite using the density functional theory (DFT). Starting from the hydroxylated bi-iron complex [ 2 O decomposition. The first step of the catalytic reaction corresponds to a spontaneous adsorption of N 2 O over Fe II sites, followed by the surface atomic oxygen loading and the release of molecular nitrogen. The formation of molecular O 2 occurs through the migration of the atomic oxygen from one iron site to another one followed by the recombination of two oxygen atoms and the desorption of molecular oxygen. The computed reactivity over the binuclear iron core complex [Fe II (µ-O)(µ-OH)Fe II ] + is consistent with experimental data reported in the literature. Although the dissociation steps of the N 2 O molecules, calculated with respect to adsorbed N 2 O intermediates, are highly energetic, the energy barrier associated with the atomic oxygen migration is the highest one. Up to 700 K, the oxygen migration step has the highest free energy barrier, suggesting that it is the rate-limiting step of the overall kinetics. This result explains the absence of O 2 formation in experimental study of N 2 O decomposition at temperatures below 623 K.
Introduction
Industrial processes of gaseous effluent cleanup from mobile sources and industrial waste streams are of particular importance for environmental protection. Transition metal ion-exchanged in a zeolite matrix is an efficient catalyst in NO x abatement. Example of such catalysts are Cu-ZSM-5 and Fe-ZSM-5, which decompose N 2 O into N 2 and O 2 .
1 From an experimental viewpoint, while the activation energy of the N 2 O noncatalytic decomposition is 60-65 kcal/mol, 2 in the presence of Fe-ZSM-5 catalyst this energy decreases to around 28-45 kcal/mol. [3] [4] [5] [6] [7] The mechanism of the reaction catalyzed by transition metals in zeolites is still under debate. A lot of studies have been recently devoted to Fe-ZSM-5, which is considered as a model catalyst that helps understands catalytic reactions by these materials. 8 Fe-ZSM-5 was shown to be very efficient not only in the N 2 O decomposition but also in the oxidation of alkenes and aromatics using N 2 O as oxidant. 9, 10 According to several authors, it has been concluded that the common feature of these two reactions catalyzed by Fe-ZSM-5 is the formation of adsorbed oxygen atoms called "R-oxygen" or "O ads " (eq 1).
Although extensive experimental and theoretical studies have been devoted to the understanding of the mechanism of the N 2 O decomposition, the nature, the nuclearity, and valence of the active iron sites [3] [4] [5] [6] [7] 11, 12 as well as the rate-limiting step [13] [14] [15] [16] [17] are still debated. However, it is generally admitted that whatever the preparation methods, several types of iron are present in Fe-ZSM-5.
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Theoretical approaches have reported two alternative models containing extra-framework iron sites. 15, 17, [19] [20] [21] [22] [23] The first one proposed by Yoshizawa et al. 21 and subsequently developed by Ryder et al. 22 and Heyden et al. 17, 24 consists of an isolated iron site with various valence states. Consistent with this model, it has been concluded that isolated iron cations bound to a single oxygen atom Z - [FeO] + (Z -represents the zeolite) are active. In contrast, it has been concluded that Z - [Fe] + is not active. 21, 22 Moreover, the Z 
The second investigated model involves binuclear iron sites. The formation and high activity of oxygen-bridged binuclear species were suggested by numerous experimental studies, [25] [26] [27] [28] [29] but only few theoretical approaches have been reported in the literature. Investigations of binuclear iron sites in the ZSM-5 extra-framework position have considered the reactivity of a In contrast with these theoretical results, Kiwi-Minsker and co-workers 5 have reported a different N 2 O kinetic behavior "suggesting that the high activity of HZSM-5 with a high Si/ Al ratio and low iron content could be explained by the presence of binuclear iron sites". 32, 33 From a quantitative study 32 formation/desorption is the rate-limiting step in the overall catalytic reaction. These interpretations are also consistent with other numerous experimental reports. 4, 13, 34, 35 A binuclear active Fe-center in Fe-ZSM-5, with a structure similar to that of MMO enzyme, has been mentioned for the first time by Panov and co-workers. 36 These authors observed that Fe/MFI catalysts with low Fe loading that were treated at a high temperature are able to abstract an oxygen atom from an impinging N 2 O molecule at 523 K, without releasing O 2 into the gas phase. This special form of adsorbed R-oxygen 37 was shown to have remarkably high reactivity similar to the active oxygen of enzyme monooxygenase. 38 Using EXAFS techniques, Prins and co-workers 25 have determined the geometrical parameters of binuclear Fe-center in Fe-ZSM-5 zeolites and have also assigned iron complex geometry to the MMO type. Unlike the binuclear oxygen-bridged Fe II sites, [FeOFe] 
2+
, recently calculated, 23, 30 the present binuclear Fe-center includes both oxoand hydroxo-bridges and therefore has an overall monopositive charge suitable to compensate for the negative charge of the zeolite lattice introduced by a single Al atom in the vicinity. One of the reasons for the interest in such a cluster is that the presence of only one Al instead of two Al atoms in the lattice increases the probability that a [Fe 2 O 2 H] + structure exists in zeolites with high Si/Al ratios. 39, 40 Indeed, using the statistical method, Race and co-workers 40 reported that the probability of Al pairs occurring in the high-silica zeolites is very small.
According to numerous experimental studies on the nature of iron sites in Fe-ZSM-5 regarding the zeolite preparation/ activation steps, 25, 29, 41 it has been concluded that iron first exists as isolated Fe species with tetrahedral coordination, which upon subsequent steaming and calcination are transformed into hydroxylated binuclear complexes. 25, 33 In this structure, iron cations are in the oxidation state Fe III and are completely inactive for the N 2 O decomposition. [30] [31] [32] [33] As shown by DRIFT experiments, 25 ,32 calcination at high temperature in an inert atmosphere (He flow) leads to dehydroxylation and concomitant autoreduction of the binuclear Fe III complex which generates the active Fe II species.
In the present paper, we first consider possible hydroxylated iron site structures which were revealed by EXAFS experiments. 25 Additionally we report a possible pathway for the dehydroxylation and autoreduction process resulting in the (µ-oxo)(µ-hydroxo)-bridged binuclear iron complex. According to experiments, this latter mechanism would take place at high temperature during steaming and activation procedures 14, 32, 33 which leads to the release of water molecules. 23, 30 to reveal the complete energy profile of N 2 and O 2 formation in the Fe-ZSM-5 catalytic cycle and to compare to experimental results. We also analyze the influence of antiferromagnetic coupling of the two iron centers on the reaction mechanism of the N 2 O decomposition. Finally, in the last section of the paper, we discuss how our computed electronic and free energies allow a better understanding of experimental data published in the literature.
Computational Details
The modeled active site was composed by a positive di-iron
+ inserted in part of the zeolite framework Z - (Figure 1a ). The cluster model Z consists of two 5T (tetrahedra are labeled T) rings (also noted M5; the M notation stands for sites located in the main channel and 5 for 5-fold rings) shearing an edge representing part of the wall of the straight channel of the ZSM-5 structure (Figure 1b) . The Z -cluster, 17 the dangling bonds of which were saturated by H atoms, is similar to the one used by Hensen et al. 30 and A. L. Yakovlev al. 23 The only difference is the existence of only one Al atom substituting preferentially the Si of T9 position. 42 ( Figure 1a) .
Quantum chemical calculations and transition state structures on potential energy surfaces (PES) and minimum energy structures on the seam of two PES were performed using nonlocal, gradient-corrected density functional theory (DFT). 43 The B3LYP hybrid functional 44, 45 was used since it has been shown to give accurate results in the literature. 17, 23, 30 Basis sets at the triple-level with polarization functions TZVP 46 tions were made for basis set superposition error (BSSE). 47 Calculations and reported values were carried out using the Gaussian 03 package. 48 Geometries were optimized with an energy convergence criterion of at least 10 -7 Ha and a maximum norm of the Cartesian gradient of 10 -4 Ha/Bohr. TS (first-order saddle point) were localized using the Synchronous Transit-Guides QuasiNewton (STQN) 49 method as implemented in Gaussian 03. A gradient norm convergence criterion of 4 × 10 -4 Ha/Bohr was reached. Frequency calculations were done in order to check that the stationary points, minima and TS, exhibit the proper number of imaginary frequencies: none for a minimum and one for a transition state. Thereby, to account correctly for the fixed atoms additional frequency calculations were performed in which the components of the fixed atoms are carved out of the Cartesian second derivative matrix. 50 Reported frequency values were calculated taking into account all the atoms with respect to the structure. All calculations and reported values were zero point corrected.
PES minima were calculated for all spin surfaces (i.e., spin multiplicity Ms ) 1-11). Analysis of these different spin surfaces reveals that only the energies of high-spin (HS) states (nonet PES corresponding to Ms ) 9 and/or 11-et PES corresponding to Ms ) 11) needed to be considered since they are the most stable spin states. Therefore, only HS minimum energy PESs are reported in this paper.
In reactions involving change in the spin state, the stationary points governing chemical reactivity lie on different PESs. These reactions have attracted much attention, particularly in the branch of organometallic chemistry. 51 It is assumed that a spin transition, which differs from a transition state, occurs in the region where two spin surfaces cross. The algorithm required to locate the Minimum Energy Crossing Point (MECP) involves an energy minimization on one surface under the constraint that two surfaces have the same energy. All that is needed is to be able to compute the energy and gradient on both surfaces, which can easily be done with available programs. The particular implementation developed by Harvey and co-workers 52, 53 and used in this work in conjunction with Gaussian03 packages has already been used to locate MECP on systems involving transition metal atoms. 52, 54 The converged minimum energy crossing point structure corresponds to the maximum energy difference between both PESs of 5 × 10 -6 Ha.
In order to evaluate the effect of antiferromagnetic coupling between the two iron centers on the mechanistic aspects of N 2 O catalytic cycle, broken symmetry-based calculations for a set of reactions were considered. These calculations were applied to the adsorption and dissociation of N 2 O molecule steps and compared to the high-spin states. The spin coupling parameter J was calculated using the nonprojected approach (eq 7) which was demonstrated to give accurate coupling constants.
E HS corresponds to the high-spin solution and E BS corresponds to the broken-symmetry solution where opposite spins at the two paramagnetic centers are achieved by DFT calculations. S 1 and S 2 are total spins of the two paramagnetic centers.
For free energy calculations (G ) H -TS), thermodynamic properties were computed using standard statistical mechanics within the harmonic approximation. Entropic values include the contributions of the transitional, rotational, vibrational, and electronic partition function for zeolite cluster and for all gaseous species involved in the reaction. 29, 57, 58 and similar to the so-called "diamond core" structure of the active site in the MMO enzyme. 59 Prins and co-workers 25 have proposed various shell models consisting of different back scattering pairs fitting the EXAFS spectrum of iron sites in ZSM-5 zeolite. One of the corresponding models presented as [HOFe
+ is considered in the present work. To the best of our knowledge, diamond structure included in a ZSM-5 zeolite cluster framework has never been modeled. It is then of prime importance to check if such structure configuration (oxo and hydroxo bridged on binuclear iron site) is favorable inside a ZSM-5 zeolite and if the structure parameters are consistent with experimental findings. As shown in Table 1 
The optimized structures show that the most stable configuration corresponds to configuration A; i.e., the complex containing both oxo and hydroxo bridges. We can also check, from Table 2 , the high concordance of structure parameters with experimental findings. The optimized [HOFe(µ-O)(µ-OH)-FeOH] + (A) structure parameters (Table 2 ) are in good agreement with EXAFS data for the hydroxylated models of the iron site in Fe-ZSM-5 obtained by Prins et al. 25 and Battiston et al. 26 One can also find EXAFS results on the structure of the active center of methane monooxygenase enzyme 60, 61 which confirms the high similarity of the optimized binuclear structure with the binuclear core structure in MMOH.
ActiWation Processes of Binuclear Iron Sites.
According to experimental data, the formation of the Fe II iron active sites would be the result of high temperature (T > 1000 K) reductive dehydroxylation of the binuclear Fe III complex giving the key structure of the active site for N 2 O decomposition. Our DFT calculations suggest a possible minimum energy pathway for the dehydration and autoreduction processes which is reported in Figure 2 . The dehydration reaction (from structure i to structure v) consists of a sequence of four highly endothermic elementary reactions leading to a binuclear iron intermediate with adsorbed oxygen. The highest reaction barrier of the latter process is equal to 38.2 kcal/mol. As a result, the overall barrier for the dehydration reaction Z
+ structure is more stable on the nonet PES (50.7 kcal/mol for structure III) than on the 11-et PES (56.3 kcal/ mol for structure v). A small spin change barrier of 2.6 kcal/ mol was found for the spin inversion process. At this step the autoreduction of the binuclear iron site occurs. The iron cations are already in the oxidation state +2 and adsorbed oxygen being in its singlet states can react with nitrogen molecule to give intermediate II. From the latter, bound nitrous oxide molecules can be easily released. As a result, the active (µ-oxo)(µ-hydroxo)-bridged binuclear iron site (configuration I) is generated. The overall process of dehydroxylation and autoreduction of [HOFe
+ precursor is strongly endothermic and explains the experimental high temperature treatments needed for the zeolite activation. Figure 3 occurs through N 2 O adsorption and N 2 dissociation steps (from configuration I to configuration V) followed by the atomic oxygen migration and O 2 recombination-desorption processes (from configuration VI to configuration VIII). Distances to the nearest neighbors in the first coordination sphere of the iron cations in configurations and intermediates described below are presented in Table 3 . (1) and O- (2) correspond to the adsorbed nitrous oxide O-end, first and second formed oxo-species, respectively. b Bond length of first neighboring iron-oxygen; O-O bond length in the µ-peroxo equals 1.41 Å.
reported for the N 2 elimination after the adsorption of the first and second N 2 O molecules, respectively. In our computed reaction pathway, N 2 elimination process (IV T V) is found to be exothermic with an enthalpy of reaction ∆H R ) -13.5 kcal/ mol. With respect to the N 2 O and N 2 gas phase molecules, the intermediate Z
+ (V) is highly stable in comparison to I, (∆E ) -53.2 kcal/mol). At this stage of the catalytic reaction a complete coverage of active Fe sites by oxo-species is expected to be achieved. The adsorption of a third N 2 O molecule over one of the two iron cations already saturated by an oxygen atom is calculated to be endothermic (∆H ads ) 16.7 kcal/mol). Therefore, the dissociation of two N 2 O molecules over only one iron atom is very unlikely to occur.
Molecular oxygen formation proceeds via the migration of an oxygen atom from one iron atom to the other one. The oxygen atom bound to the Fe 2 atom migrates across the µ-oxo bridge. During this process a stable minimum VI, drawn as a (µ-peroxo)(µ-hydroxo)-bridging binuclear iron core, was located. The enthalpy of the rearrangement of Z + (VI) is slightly endothermic with ∆H R ) 6.6 kcal/mol (Table 4) . To achieve this first migration step, a high activation energy of E q ) 28.4 kcal/mol is needed. Intermediate VI reacts to give a superoxide structure Z + (VII) is 24.4 kcal/mol. The latter structure is stable on the nonet PES and corresponds to adsorbed molecular oxygen, in its singlet state, over one of the two iron cations. Molecular oxygen desorption in its ground triplet state requires a spin surface crossing from the nonet (VII) to the 11-et (VIII) PES structures. The spin inversion process occurs without significant geometry variation and a small exothermic enthalpy of reaction ∆H R ) -3.7 kcal/mol. A small spin change barrier of E q ) 10.8 kcal/mol is needed to get the superoxide structure on the 11-et PES. As a last step of the catalytic cycle, a high endothermic molecular desorption process occurs. O 2 66 Nevertheless, the natural population analysis evidence that the two oxo-groups in V are not equivalent (Table  5 ) which may result from the difference in the coordination number of the two iron cations. During the oxygen migration process (V f VI), the electronic population of the active site undergoes an interesting reorganization. On one hand there is a spin density transfer from the migrating oxygen species O (2) (see Table 5 ) to the neighboring iron atom (Fe 2 in configuration VI (Ms ) 9)). The resulting mechanism can be attributed to the reduction of Fe IV to Fe II . On the other hand, a considerable spin density delocalization from the µ-peroxo and µ-hydroxo groups to the iron atom Fe 1 induces a pronounced Fe IV dO 2-character for Fe 1 (spin density of 
a Reported activation energy barriers are calculated as the difference between the energy of the TS state and the energy of the reactant. Minimum Energy Crossing Point (MECP) corresponds to the intersection of the two spin surfaces of configurations VII and VIII. 3.06). The calculated vibrational mode associated with the peroxo structure found at 875 cm -1 falls within the O-O stretching frequency range observed in several metal peroxo model complexes (ν (O-O) ) 815-918 cm -1 ). After the recombination process, the superoxide structure is formed and is stable on the 11-et PES (configuration VIII). on antiferromagnetic nature of binuclear iron complexes in Fe-ZSM-5 have demonstrated its small effect on the mechanistic aspects of the N 2 O catalytic cycle such as the rate-limiting step and the approximate height of the reaction barriers. Cornell et al. 68 reported that the strength of antiferromagnetic coupling does not depend exclusively on the Fe-Fe distance but also on the angle Fe-X-Fe (X being a bridging group). The strongest magnetic couplings are suggested to occur for Fe-O-Fe bond angles between 120°and 180°and would decrease considerably for lower angle values. In the present work we evaluate the influence of a possible antiferromagnetic coupling between the two iron centers on a series of intermediates involved in the N 2 O catalytic cycle. More precisely, we performed broken-symmetry calculations for the adsorption and dissociation steps of N 2 O molecules over [Fe(µ-O)(µ-OH)Fe] + . As reported in Table 7 , the magnitude of spin coupling constants J between the two iron centers is calculated to be very small for both minima and TS states. The energy difference between ferromagnetic and antiferromagnetic PES is 3.8 kcal/mol for the bare binuclear iron core (I) and 1.7 kcal/mol for the N 2 O adsorbed state (II) and decreases to 0.2 kcal/mol for the oxo-complex (III). The effect of antiferromagnetic coupling on the activation energy is also found to be weak. The high energy barrier for the dissociation of the nitrogen molecule is calculated to be of 11.5 kcal/mol on the ferromagnetic PES and 11.1 kcal/mol on the antiferromagnetic PES. Therefore, as in the case of 
O- (2) conf I (Ms ) 
Analysis of the Computed Reaction Path and Comparison with Experimental Results
The calculated N 2 O decomposition path on a (µ-oxo)(µ-hydroxo)-bridged binuclear iron core gives detailed information of the different elementary steps of the catalytic reaction. From experimental approaches, many recent mechanistic studies using transient techniques have identified the parameters for the elementary steps of N 2 O decomposition and have developed a consistent kinetic model of the reaction. 5, 32, 34, 35, 69 The overall investigated path calculated at 0 K ( Figure 5 ) was considered to establish correlations between the present theoretical results and those reported over [Fe-O-Fe] 
2+
. 30 To get more insight in the kinetic behavior of our model, we analyzed the temperature effect on the investigated barrier heights by calculating the evolution of free energy values as a function of temperature for each elementary steps of the overall N 2 O decomposition reaction (Table 8) .
In the first step of the computed reaction model, N 2 O is adsorbed over the Fe II sites. This adsorption process is slightly exothermic ( Figure 5 ) and would correspond to the reversible adsorption of N 2 O observed experimentally by Kiwi-Minsker et al. 5 and introduced in their kinetic model by eq 8.
N 2 O gas T N 2 O ads (reversible adsorption) instantaneous (8) Therefore, one should note that the calculated ∆H ads of -7.1 and -4.6 kcal/mol at 298 K for the adsorption of the first and second N 2 O molecule, respectively, which are smaller than that measured experimentally (see section 3.2.1), are not surprising since DFT is known to not accurately reproduce weak bond interactions. 70 As a consequence, free energy calculations (Table  8) indicate an N 2 O adsorption process that is entropically unfavorable. The calculated value of T∆S (T ) 298 K) of around 10 kcal/mol is relatively high and is understandable 71 since it is dominated by transitional contributions to entropy of the bound linear N 2 O.
To release molecular nitrogen via the dissociation of nitrous oxide-forming adsorbed oxygen species (eq 1), the reaction intermediates II and IV (Figure 3) should overcome a relatively small free energy barrier of 11.7 kcal/mol at 298 K for the first N 2 O adsorbed molecule (eq 3) and a high free energy barrier of 25 kcal/mol for the second one (eq 5). This latter value increases up to 26.5 kcal/mol at T ) 700 K. The oxygen formation processes are highly exothermic and lead to a highly stable intermediate in which each iron site is saturated by one oxygen atom. The surface atomic oxygen loading step was defined 5 by eq 9:
The path for the desorption of molecular oxygen was calculated to occur after the migration of one deposited oxygen atom from one to the other iron site, followed by an O 2 recombination step (eq 10). The free energy barriers of 28.2 kcal/mol at 298 K and 26.9 kcal/mol at T ) 700 K (Table 8) for the oxygen atom migration process are the highest barriers of the overall reaction mechanism. The oxygen atom migration process has therefore the slowest step (slower than the N 2 O dissociation steps) of the whole computed reaction path. Oxygen recombination, which occurs by overcoming a relatively small free energy barrier of 17.5 kcal/mol at T ) 700 K leads to highly stable intermediates containing different types of adsorbed molecular oxygen (with respect to the initial state, ∆G 700K (VII) ) -60.3 kcal/mol and ∆G 700K (VIII) ) -64.2 kcal/mol). Finally, the desorption reaction of molecular oxygen (eq 11) is calculated to be highly endothermic. Our results are consistent with many experimental findings which reveal that for lower temperatures the reaction pathways leading to molecular oxygen formation (eq 10) are slower than those leading to nitrogen formation. 
2(O)
Kondratenko et al. 72 reported from transient experiments by TAP under vacuum conditions that while gaseous N 2 was observed from temperatures above 523 K, gaseous O 2 was only detected above 623 K. These authors explained this result by the fact that oxygen species originated upon N 2 O decomposition are strongly bound to the catalyst surface. These results are also consistent with transient-response experiments reported by Sun and co-workers, 16 in which they observed for the high-temperature-treated catalyst that molecular oxygen desorption is slow compared to molecular nitrogen formation. These authors then concluded that the reaction rate over Fe-ZSM-5 is inhibited by molecular oxygen and they assigned this observation to a rate-limiting recombinative oxygen desorption.
In a recent paper of Kiwi-Minsker et al. 5 the transient response curves of N 2 O dissociation at temperature of 523 K revealed that no O 2 molecules are detected. The O 2 signal appeared only at temperatures higher than 623 K. Moreover, the steady-state kinetics at T < 623 K was found of zero order toward N 2 O. 32 This observation strongly suggests that at T < 623 K, upon N 2 O adsorption and N 2 desorption, oxygen atoms are present on the surface, saturating iron active sites. This result strongly suggests the O 2 formation as the rate-limiting step of the overall catalytic cycle.
In contrast with these interpretations, Bell's group, on the basis of the calculated N 2 O decomposition over Z -30,31 sites, concluded that the N 2 O dissociation is the rate-limiting step. These authors explained this finding by the observed first-order kinetic in N 2 O partial pressure. Additionally, they concluded 24 that O 2 desorption cannot be a rate-limiting step, assuming that in such cases the catalyst surface would be saturated with oxygen species and N 2 O decomposition would be zero order with respect to N 2 O partial pressure.
It is important to note that most of the reported first-order kinetics of the N 2 O decomposition on Fe-ZSM-5 were found at temperatures higher than 723 K. Under these conditions, the N 2 O dissociation step consists of adsorption and dissociation processes that are entropically strongly unfavorable under most catalytic conditions (high temperature and small N 2 O partial pressure). In contrast, the O 2 formation steps do not involve an entropically unfavorable step. These different behaviors are illustrated in Table 8 . The evolutions of ∆G with increasing temperature show, on one hand, the slow decrease of the highest free energy barrier for O 2 formation process, and on the other hand, the increase of the highest free energy barrier for the second N 2 O dissociation step. Otherwise, for kinetics applied at temperatures lower than 700 K, the step of atomic oxygen migration remains the largest barrier to overcome to achieve the N 2 O decomposition cycle and therefore would be the ratelimiting step of the overall kinetics.
In conclusion, the temperature dependence of the activation free energies of the elementary steps 9 and 10 can explain the literature controversy on the observed kinetics order toward partial pressure of N 2 O. The molecular oxygen formation is less sensitive to the temperature increase in comparison to the N 2 formation. As a consequence, while the highest free energy barrier corresponds to the O 2 formation below 700 K, it corresponds to the N 2 formation at temperatures above 700 K. The present results can explain the experimental switch of N 2 O dissociation observed from a zero order at lower temperatures to a first-order kinetics at higher temperatures. 
Conclusion
The stability and the reactivity of the binuclear (µ-oxo)(µ-hydroxo)-bridged extra-framework iron cations in Fe-ZSM-5 has been investigated by DFT calculations. The results show that di-iron structure with geometric parameters close to EXAFS measurements is favorable. + intermediate. This process is followed by the atomic oxygen migration which occurs through the highest free energy barrier. This result suggests that the latter process is the ratelimiting step of the overall kinetics in agreement with many experimental results. The catalyst is regenerated after oxygen recombination and molecular oxygen desorption.
